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ABSTRACT
CRAIG ALAN ATCHISON. The Efficacy of Copper Iodide Nanoparticle-Augmented
MTA Against Enterococcus Faecalis: A Confocal Microscopy Study. (Under the
direction of Michael G. Schmidt).
Introduction: The introduction of metallic nanoparticles such as copper into medical
materials has shown promising results in terms of antimicrobial activity. A novel material
incorporating nanoparticles could be useful in combating bacterial biofilms and
improving long-term success rates in endodontic therapies. The aim of this study was to
evaluate the antibacterial effect of mineral trioxide aggregate disks augmented with
copper iodide nanoparticles on a biofilm of E. faecalis and compare the results with nonaugmented control MTA in the same conditions using confocal laser scanning
microscopy. Methods: Fabricated disks were made up of control, non-augmented MTA
or copper iodide nanoparticle-augmented MTA containing the following copper iodide
concentrations:

1 mg, 3 mg, 5 mg, and 10 mg.

The disks were segregated by

concentration of copper iodide into five groups, placed into five test tubes containing an
inoculum of E. faecalis, and the bacteria were allowed to grow for 24 hours. After
removal from the inoculum tubes, the disks were individually stained using LIVE/DEAD
BacLight Bacterial Viability Kit (ThermoFisher) with the fluorescence of the stained
bacteria associated with the disks observed using confocal laser scanning microscope.
Three scans of each disk were taken with the mean relative fluorescence units (RFU)
recorded. Results: There was a significant decrease to the number of live E. faecalis
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attached to each of the copper iodide infused MTA disks (p < .01) compared against the
control MTA disks as calculated from the reduction to the RFU measured using scanning
confocal laser microscopy (Zeiss). The mean RFU observed for the control, 1 mg, 3 mg,
and 5 mg samples was 125.83, 56.88, 34.41, and 13.44 respectively, which corresponded
to a 54.8%, 72.7%., 89.3% decrease to the E. faecalis associated with the augmented
MTA disks. The 10 mg copper iodide augmented disks were devoid of any attached E.
faecalis.

Conclusions:

The addition of a limited concentration of copper iodide

nanoparticles to MTA disks resulted in a significant, concentration dependent reduction
of the association of E. faecalis with the disks.

ix

INTRODUCTION
Mineral trioxide aggregate (MTA) and other similarly composed bioceramic
materials have become a mainstay in modern endodontics. Applications are wide ranging
and include perforation repair, obturation of open root apices, pulp capping, and
retrofilling of roots following surgical apical resection. MTA is composed of tricalcium
silicate, dicalcium silicate, tricalcium aluminate, bismuth oxide, and calcium dehydrate.
There is an addition of tetracalcium aluminoferrite in the gray formulation. When MTA
powder is hydrated with sterile water, the result is a colloidal gel that hardens into a
structure made up of an amorphous matrix with discrete crystals. These crystals are
made up of calcium oxide, and the matrix contains 49% phosphate, 33% calcium, 6%
silica, 3% chloride, and 2% carbon (1). Upon setting, MTA forms calcium hydroxide and
calcium silicate hydrate. It is considered bioactive, promoting cementum and subsequent
bone coverage (2, 3).

The process of cementogenesis is accomplished by making

biologically active substrates available to osteoblasts, allowing bone cells to adhere to the
material and to stimulate production of cytokines (4). When compared to intermediate
restorative material (IRM) and Super EBA, Bernabe et al. found that, unlike the
aforementioned, MTA promoted adjacent hard tissue deposition (5). The initial pH of
MTA is 10.2 after mixing and eventually rises to 12.5 within 3 hours due to the formation
of calcium hydroxide (1). After 168 hours post-mixing, the pH stabilizes at 9.5 (6). The
particle size has been found to be in the range of 1-10 µm for gray MTA (7). MTA has
been shown to demonstrate excellent sealing capabilities, slight expansion, low
cytotoxicity, and biocompatibility (1). When used as a root-end filling material with
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current periradicular microsurgical techniques, MTA is associated with a healing rate
near 89% in these cases (8). With this in mind, the question arises whether the current
success rate can be further improved with new materials or augments to the current
matrix.

Of particular importance in endodontics is the study of bacterial biofilms and their
role in treatment outcomes. There is much evidence to indicate that failure to control
and/or eradicate these biofilms leads to persistent apical periodontitis found in failed nonsurgical root canal treatment as well as surgical root canal treatment (9). The healing rate
for endodontic surgery using MTA after one year has been shown to be 90-96%.
However, there tends to be a longer-term regression in outcomes after this initial healing
(10, 11). These same studies showed 86-91% healing after 4 or more years (10, 11).
This raises the question as to why these delayed failures are occurring, and what
treatment options are available to prevent these unfavorable outcomes? Because the
evidence shows that it is persistent apical bacteria in the form of biofilms that cause
failure of endodontic treatment, new modalities of treatment and novel materials are
warranted to allow for better long-term outcomes.
Enterococcus faecalis is a particularly hearty and recalcitrant microbe resident in
the oral cavity. With a 90% prevalence rate, E. faecalis is commonly found in previously
endodontically treated teeth where there are persistent periradicular lesions (12-15). E.
faecalis is a Gram positive facultative anaerobe that can survive as a singular organism or
as a constituent of a heterogenous biofilm (16). This microbe is refractory to host
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defense mechanisms due to virulence factors such as: lytic enzymes, aggregation
substance, cytolysin, pheromones, and lipoteichoic acid (15). In addition, an ability to
form biofilms aids in its persistence and resistance to intracanal antimicrobial
interventions (17). E. faecalis can also survive for long periods of time in dentinal
tubules without nutrients and possesses a proton pump that enables it to establish and
maintain a lower pH environment in the presence of alkaline medicaments such as
calcium hydroxide (16, 18). It also exhibits widespread genetic polymorphisms that
allow it to adapt to variable and adverse conditions (19). Thus, E. faecalis represents an
ideal test bacterium with which to evaluate the efficacy of improved dental materials due
to its tenacity in resisting treatment and its ease of cultivation.

The prevention of bacterial colonization is ideal in any root-end filling material,
and a material designed to provide a continuously active antimicrobial environment
would be of great benefit to the field of endodontics. A recent confocal laser scanning
microscopy study by Tsesis et al. found that when employing root-end filling with three
different materials, bacteria could colonize within the root canal space at the dentinfilling interface and penetrate into the dentinal tubules. In addition, a greater number of
live bacteria were present in the MTA group when compared to IRM and Biodentine
(20).

Recently, metallic nanoparticles have been used for a number of applications to
enhance the efficacy of some medical treatments (21, 22). A nanomaterial contains at
least 50% manufactured or natural unbounded particles ranging 1-100 nm in size (23).
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Such materials often possess unique physicochemical properties such as large surface
area to volume ratio, extremely small size, and high chemical reactivity (24). The large
surface to volume ratio results in an increased number of atoms present at the surface
compared with larger particle structures. This, in turn, contributes to novel properties
compared to compositionally equivalent materials. These highly specific materials often
interact at a subcellular and molecular level within the human body facilitating maximum
therapeutic effects with minimal side effects (25). Nanoparticles of copper and silver,
specifically, have demonstrated long-term antimicrobial activity against a variety of
Gram-positive and Gram-negative microbes (26, 27). Bacteria are much less likely to
gain resistance against metallic nanoparticles than more conventional and narrowspectrum antibiotics.

Because metals may exhibit their effects on a wide range of

microbial targets, many mutations would be required for microorganisms to develop
sufficient resistance to the intrinsic antimicrobial activity attributed to the metal (28).

Copper has long been known as a metal with antibacterial properties (29), and it
has been used by humans as an antimicrobial agent for over eight millennia. One
advantage of using copper as opposed to silver, is the ability of the metal to be
continuously active and not be affected by oxidation or corrosion - the process known
as passivation. The bactericidal effect of copper is due to an irreversible catalytic
cascade inflicted upon multiple essential systems of the microbe. Upon coming in
contact with a metallic copper surface, the electron potential of a microbe in concert
with copper leads to rapid death of the bacterium. Due to the electrical conductivity of
copper, electrons present in the membrane of the bacterium that are sufficiently close to
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the metallic surface transform the oxidation state of the elemental copper. This results
in the flow of the electrons away from the microbe. The cell cannot regain the lost
electron due to the dissipation of the energy to the metal. Rapid depolarization or
uncoupling of the membrane potential occurs, disrupting the current flow with the
membrane of the microbe. The collapse of the membrane potential results in the
subsequent production of free radicals (oxygen, singlet oxygen, hydroxyl ion, hydrogen
peroxide) within the bacterial cytoplasm (30). These free radicals cause peroxidation of
the membrane, bleaching of cellular proteins, and destruction of the nucleic acids
within the bacterium. As the membrane potential is lost the cytoplasm leaks out,
additional copper ions pour into the cell through the thermodynamically favorable,
diffusion mediated transport, resulting in additional irreparable damage (31). This
process occurs in a rapid fashion, owing to the fluence of electrons into the membrane
(between 1 to 10 million electrons per second), and leads to the collapse of a population
of bacteria within minutes. Therefore, any chance of an emergence of resistance to
copper is extremely unlikely due to this multifaceted and rapid mechanism of cell
death.

Alloys containing at least 60% copper have shown to be effective at killing
99.9% of population of bacteria in contact with the surface within 2 hours (32-37).
Compounds containing iodide have been found to be effective in killing many oral
pathogens such as Streptococcus mutans, Streptococcus sanguinis, and Lactobacillus
acidophilus (38). A recent in vitro study by Sabatini et al demonstrated a 99.99%
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reduction in Streptococcus mutans when copper iodide nanoparticles were incorporated
into adhesive resins with no cytotoxicity or adverse effects on bond strength (39).

The purpose of this study was to evaluate the antibacterial effect of mineral
trioxide aggregate disks infused with copper iodide nanoparticles on the ability of E.
faecalis to form a biofilm on this material. The principal question was whether the MTA
augmented with a limited percentage of copper iodide nanoparticles would be superior at
controlling the growth and/or persistence of E. faecalis resident in biofilm. The approach
used was a stepwise increase in copper iodide augmentation of MTA disks in order to
determine whether or not copper iodide-augmented MTA was statistically superior over
standard, non-infused MTA in retarding the formation of an attached biofilm. Analysis
was done using confocal laser scanning microscopy. The null hypothesis was that there
would be no significant difference in the reduction of bacteria between the control MTA
and the copper iodide-augmented MTA.
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MATERIALS AND METHODS

PREPARATION OF COPPER IODIDE-AUGMENTED MTA DISKS
Copper iodide nanoparticles were fabricated by combining Copper (II) sulfate
(CuSO₄) (Afla-Aesar, Ward Hell, MA) with potassium iodide (KI) (Acros, Waltham,
MA) in a reaction where 78.2 ml of a 0.2M solution of CuSO4 was combined with 100 ml
of a 400 mM solution of KI; additional KI was added to drive the reaction to completion.
The resulting precipitate was washed four times with deionized water (18.2 MΩ),
recovered after each wash by centrifugation and dried under vacuum at 50° C. The
resulting powder was characterized by field emission scanning electron microscopy (FESEM) and energy dispersive X-Ray (EDX) analysis (4800 SEM, Hitachi, Wallingford,
CT). The copper iodide particles displayed heterogeneity with a mixture of particles in
the nanometer size range and micrometer size range. The copper composition of each
particle by weight was found to be 32.5±0.1% and the concentration of iodide was found
to represent 67.5±0.1% of the weight of each particle indicating the principal valence
state of the copper within each particle was Cu+2.

In order to create a uniform size and shaped MTA disk, the underside of the caps
from sterile 1.5 ml microcentrifuge tubes (Sarstedt) with an internal circular dimension of
1.5 mm depth and 8 mm diameter were used as molds yielding a final volume of
75.4mm3. The final weight of the prepared disks was 185 mg. The total surface area of
the MTA disks was 138.23 mm2. Prior to fabricating MTA disks, calculations were
performed to arrive at a concentration of copper iodide nanoparticles suspended in water
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that would be required to yield final concentrations of 1 mg (0.54%), 3 mg (1.62%), 5 mg
(2.70%), and 10 mg (5.41%), per disk of MTA. Rather than directly mix copper iodide
nanoparticle powder with MTA powder, it was believed that a serial dilution of
concentrated copper iodide nanoparticle/deionized water suspension would provide a
more uniform disbursement of nanoparticles within the disks. Four hundred sixty five
mg of copper iodide was suspended into 3 ml of sterile deionized water and vigorously
mixed with a vortex mixer (Scientific Industries, Inc) in order to create a uniform
suspension of copper iodide nanoparticles. With mixing done between each extraction, 7,
21, 35 and 70 µl of the suspension were extracted and added to 63, 49, 35, and 0 µl, of
steile water respectively. Per manufacturer’s recommendations of the appropriate MTA
powder/water ratio, each of the suspended copper iodide concentrations (70 µl) were
added to 400 mg of gray ProRoot MTA powder (Densply) to fill 2 molds at a time. Two
disks of non-augmented MTA were also formed to serve as controls. The mean density
of copper iodide for the disks augmented to a final concentration of 1 mg/disk was 13.26
ng/µm3; for those augmented to a final concentration of 3 mg, 39.79 ng/µm3; for 5 mg,
66.32 ng/µm3; and for those disks for which the final concentration was 10 mg, 132.63
ng/µm3. Sterilized 2X2 gauze was dampened with sterile deionized water and placed
within the microcentrifuge tubes to facilitate the setting of the MTA by providing a
humid environment. The 10 caps were sealed over the tubes, and they were placed in an
incubator set at 37°C for one week. Following removal from the incubator, the disks
were polished with a 600-grit abrasive disc using a Buehler EcoMet 3000
Grinder/Polisher (Figure 1).
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ASSESSMENT OF BIOFILM DEVELOPMENT
The purpose of this study was to evaluate the intrinsic property of copper iodide
infused MTA to limit the formation of biofilms on its surface. To that end a direct assay
was devised where control and augmented disks of MTA would be placed in direct
contact with an active culture of E. faecalis. The MTA disks incubated statically in a
culture medium that would promote the development of an active biofilm on its surface.

PREPARATION OF A STANDARD INOCULUM OF ENTEROCOCCUS FAECALIS
In order to prepare an inoculum for the evaluation of the antimicrobial properties
inherent to the copper iodide nanoparticle augmented MTA disks, a single colony of
Enterococcus faecalis (ATCC 29212) was harvested from a Becton Dickinson BBLTM
Trypticase Soy Agar with 5% Sheep Erythrocytes plate (Hardy Diagnostics) and
inoculated into 75 ml of sterile trypticase soy broth with 2% glucose (Criterion). The
inoculum was placed in an incubator at 37°C and the culture was incubated statically. At
the same time, the control MTA disks and nanoparticle-augmented disks were sterilized
by emersion in 70% ethanol for 20 minutes and were allowed to air dry in a sterile
covered petri-dish at 37°C. At 24 hours, 100 µl of inoculum was sub-cultured and added
to 11 ml of fresh TSB with 2% Glucose to five sterile 15 ml graduated centrifuge tubes.
The disks were segregated by concentration of copper iodide into five groups and placed
into the five tubes containing the inoculum. The tubes were placed into an incubator set
at 37°C, and the bacteria were allowed to incubate statically for 24 hours while
submerged in the inoculated nutrient medium as illustrated in Figure 2.
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CONFOCAL MICROSCOPY EVALUATION OF BIOFILM DEVELOPMENT ON MTA DISKS
Upon removal from the incubator the following day, the tubes were all found to
be supporting robust growth of the culture of E. faecalis. In order to assess whether or
not a biofilm established on the MTA disks, the experimental and control disks were
removed, gently rinsed and stained using a BacLight Viability Kit (ThermoFisher) with
the proportion of live and dead bacteria attached to the disks being assessed. The
BacLight Bacterial Viability Kit (ThermoFisher) contains two dyes:

SYTO 9 and

propidium iodide. SYTO 9 will stain the bacterial cell membrane assessing whether or
not it remained intact while the nucleic acid stain propidium iodide will only penetrate
and stain the nucleic acid of dead bacteria as a consequence of the compromised
membrane. Staining was performed according to the manufacturer’s instructions.
Fluorescence of SYTO 9 and propidium iodide were imaged and measured by a
Zeiss LSM 880 NLO Quasar inverted laser scanning confocal microscope (Thornwood,
NY) using a 63X 1.4 N.A. plan apochromat oil immersion lens. The fluorescence of the
SYTO 9 and propidium iodide dyes were excited at 488 nm and 561 nm lasers,
respectively, and detected at 502-556 nm and at 624-703 nm, respectively, through a one
Airy unit diameter pinhole.

STATISTICAL ANALYSIS
Prior to initiating the study, the significance level was set to 0.05. Analyzing the
confocal images, green fluorescence represented living bacteria and red fluorescence
indicated dead bacteria. Mean fluorescence intensities of the confocal images were
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expressed as RFU.

A repeated measures generalized linear model with a Tukey

adjustment for multiple comparisons was used to analyze the data.
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RESULTS
There was a significant decrease to the number of live E. faecalis attached to each
of the concentrations of copper iodide infused MTA disks as measured by the absence of
relative fluorescent units (RFU) (Figure 3). The RFU detected was measured as the mean
of the measurements taken for the disks from each group and were represented as the
arithmetic mean which was then contrasted to that observed for the mean of the control
disks (Table 1). The control group was arbitrarily set to 0% reduction to the development
of a biofilm. Upon assessing whether or not this difference was significantly lower than
that observed with the control it was found that all of the disks containing copper
harbored significantly fewer of both viable and dead E. faecalis (P-values of <0.01). The
10 mg copper iodide samples were not included in the analysis presented (Table 1) as it
was not possible to discern any E. faecalis associated with disks from this category as the
relative fluorescence observed was equivalent to the background fluorescence. This
suggests that any bacteria that may have attached were killed or simply failed to attach to
the disks at this concentration of copper iodide augmenting the MTA disks. The mean
relative fluorescent units from the control, 1 mg, 3 mg, and 5 mg samples was 125.83,
56.88, 34.41, and 13.44, respectively (Table 1). Data from the disks augmented with
5mg copper iodide revealed an 89.3% reduction in viable bacteria associated with the
disks as compared against the concentration of viable bacteria associated with the control
MTA samples (Figure 3).
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FIGURE 1. FABRICATION OF MTA DISKS. PANEL A. THE CAP FROM A 1.5 ML MICROCENTRIFUGE TUBE WAS USED TO CAST
CONTROL AND COPPER IODIDE-AUGMENTED MTA DISKS. The concentration of copper iodide was
distributed uniformly through the 75.4mm3 augmented disks (185mg) at final concentrations of
either 1 mg (0.54%, w/w), 3 mg (1.62%, w/w), 5 mg (2.70%, w/w), or 10 mg (5.41%, w/w). The
surface area of the disks in all instances was 138.23mm2 with the mean density of copper
iodide associated with the disks being either 13.26 ng/µm3 for the 1 mg MTA disks; 39.79
ng/µm3 for the 3 mg MTA disks; 66.32 ng/µm3 for the 5 mg MTA disks and 132.63 ng/µm3 for
the 10 mg MTA disks. Panel B. All of the cured disks were polished with a 600-grit abrasive
disc using a Buehler EcoMet 3000 prior to their use.

FIGURE 2. ASSESSMENT OF BIOFLIM DEVELOPMENT. Control and copper iodide augmented disks of MTA were
incubated statically in a medium of TSB+ 2% glusose inoculated with E. faecalis at 37°C for 24
hours.
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FIGURE 3. THE FORMATION OF AN E. FAECALIS BIOFILM ON MTA WAS SIGNIFICANTLY INHIBITED BY COPPER IODIDE AT 24
HOURS. The addition of a limited concentration of copper iodide nanoparticles, (1 mg (0.54%,
w/w), 3 mg (1.62%, w/w), 5 mg (2.70%, w/w), and 10 mg (5.41%, w/w)) to MTA disks resulted
in a significant and concentration dependent reduction of the association of E faecalis with
MTA disks as measured by a reduction to the mean relative fluorescence detected (RFU) using
scanning confocal laser microscopy.
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TABLE 1.

ASSESSMENT OF BIOFILM DEVELOPMENT ON MTA DISKS AFTER 24 HOURS OF EXPOSURE TO
ENTEROCOCCUS FAECALIS. Disks of MTA (185mg) were exposed to an actively growing culture
of E. faecalis for 24 hours at which time the disks were removed, rinsed, and assessed for
the presence of live/dead bacteria associated with either control or disks of MTA
augmented with copper iodide at the mean densities (ng of copper iodide/µm3) described.
Relative fluorescence units (RFU) were captured using laser scanning confocal microscopy
with the mean intensity recovered from the control disks evaluated being arbitrarily set to
100% with the percentage to biofilm development being calculated as 1-(Mean Intensity of
the Cu-augmented disks/Mean Intensity of the Control Disks). A decrease in RFU
represented a decrease in the presence of live E. faecalis associated with the disks.
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FIGURE 4.

INCREASING CONCENTRATIONS OF COPPER IODIDE INCORPORATED WITHIN MTA LIMIT E.
FAECALIS BIOFILM FORMATION. The incorporation of increasing concentrations of
copper iodide (1 mg (0.54%, w/w), 3 mg (1.62%, w/w), or 5 mg (2.70%, w/w),
resulted in final mean copper iodide densities of 13.263, 39.789, 66.315 ng/µm3 and
resulted in the significant inhibition to the formation of an E. faecalis biofilm as
assessed subsequent to 24 hours of incubation in TSB + 2% glucose at 37°C. This
absence of E. faecalis adherence was found to be concentration dependent with the
significance of inhibition of formation increasing (right ordinate) as measured by a
significant reduction to the mean relative fluorescence detected (RFU) (left ordinate)
when assessed against the E. faecalis associated with the control disks using
scanning confocal laser microscopy employing the BacLight Bacterial Viability Kit;
level of significance: * < 0.05; **<0.01; ***<0.001; ****<0.0001.

16

DISCUSSION
The primary objective of a retrofill used in root-end surgery is to prevent the
subsequent invasion or re-introduction of bacteria and their by-products into the
periradicular tissues from the root canal system (40, 41). Bacterial colonization and
infection of the dentin and the retrofill-dentine interfaces following surgery is of clinical
concern because of the ability of the bacterial endotoxins and exotoxins to promote
continued inflammation of the periapex (42). In light of these relevant issues, the ability
of a retrofill material to eradicate existing bacteria and any subsequent forming biofilms
would be of great benefit in surgical endodontics.
The goal of the present study was to compare the antibacterial effect of MTA
disks and copper iodide nanoparticle-augmented MTA disks on their ability to retard the
formation of a biofilm of E. faecalis. It was also important to establish a sound protocol
for testing a novel material’s efficacy on the development of microbial biofilms. Based
on the results obtained here, we learned that a limited concentration of copper iodide
could significantly inhibit the number of live bacteria that could associate with MTA
even when exposed to high concentrations of E. faecalis, unlikely to be encountered in
the oral cavity. Therefore, the null hypothesis was rejected. The lack of dead bacteria
(red fluorescence) present could have been due to either the wash steps associated with
the staining method or an inability of the bacteria to first adhere and then grow on the
surface of the MTA as a consequence of the distribution of copper iodide nanoparticles
within the surface rendering it hostile to the process of biofilm formation.
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There are many studies in the literature about the antimicrobial properties of MTA
but with conflicting findings. In one study, MTA had an antimicrobial effect on some
facultative anaerobic bacteria, but no effect on strict anaerobes (43). Another study
showed that against E. faecalis, Staphylococcus aureus, Pseudomonas aeruginosa,
Bacillus subtilis, Candida albicans, and mixtures of these bacteria and fungi, MTA
exhibited diffusion in agar without inhibition to microbial growth (44). Tsesis et al.
found that MTA supported a greater number of viable E. faecalis than were observed
when using IRM or Biodentine groups using a similar confocal laser scanning
microscopy method of assessment that examined bacterial colonization to the apical
portion of extracted teeth following root-end resection and retrofill (20). This finding
was in agreement with the current study, which found that un-augumented MTA disks
failed to inhibit the growth of an E. faecalis biofilm or adequately kill the bacteria. The
ability to take the existing beneficial properties of MTA and enhance this material with
an antimicrobial /anti-biofilm property through the inexpensive incorporation of limited
concentrations of nanoparticles may be useful in improving long-term success rates in
endodontic therapies such as apical surgery.

Confocal microscopy is a specialized type of fluorescence microscopy that uses
specific optical mechanisms to generate high resolution images of material stained with
fluorescent markers. The confocal microscope eliminates out-of-focus fluorescent light
from the image obtained through the objective lens which allows for precise, threedimensional spatial resolution of histological images. This capability, coupled to an
ability to differentiate fluorescent labels, provides a powerful tool for histological and
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cellular scanning where protein detection and cellular colocalization is required (45).
Analysis using confocal laser scanning microscopy is also advantageous because it can
provide direct and quantitative information about the status of microbes associated with
the surface scanned (46). Utilizing a live/dead staining method was found to be useful
and important in visualizing not whether or not bacteria had attached to the MTA but
whether or not the augmented material was bactericidal. It was for these reasons that
confocal laser scanning microscopy and the LIVE/DEAD BacLight Viability Kit were
used in this study. A more elaborate future study, similar to that of Tsesis (20), could
use confocal microscopy to examine whether or not E. faecalis can leak into dentinal
tubules in the apical portion of tooth roots in the presence of copper iodide
nanoparticle-augmented MTA.

There were inherent limitations to our in vitro study.

How materials and

microbes will react in the stochastic oral environment of a live subject may be different
than when evaluated in situ in the lab or under a microscope. One limitation with the
present study is that a true, multi-layered biofilm would likely take longer to grow than
the 24 hours measured here. However, our assay was designed to assess whether or not
the augmented material would be hostile or slow the process of biofilm formation. It
was found that the effectiveness of copper iodide at inhibiting biofilm formation was
greatest when using 10 mg/disk. This represented 5.41% of the total weight of the disk
evaluated and at this concentration no biofilm was observed. Whether or not this
behavior would manifest in vivo remains to be determined. Further investigation is also
required to determine the long-term stability of the antimicrobial/antibiofilm properties
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of copper iodide-augmented MTA as well as the effects that these nanoparticles have
on the physical-chemical properties of MTA itself. Additionally, while MTA has been
shown to be biocompatible within the root canal space and the surrounding tissues (47),
further cytotoxicity studies will need to be performed on this new material to learn
which concentration retains the anti-biofilm property while remaining non-toxic to the
patient.

Finally, as with the compounding of any complex formulation involving an
ultimately solid material, the uniform distribution of the nanoparticles throughout the
matrix was a challenge. This was addressed by suspending the copper iodide particles
into the sterile water used to initiate the curing of the MTA. Given the volume of each
disk was approximately 75 mm3 and the surface area for each disk was approximately
138.23 mm2, assuming a uniform distribution of the copper iodide nanoparticles
throughout the cylindrical MTA disks, suggested that the 1 mg MTA augmented disks
were capable of displaying a mean density of copper iodide of 13.26 ng/µm3 at their
surface to the saturating culture of E. faecalis. As the concentrations increased so did the
mean density of the copper iodide (39.79 ng/µm3 for the 3 mg MTA disks; 66.32 ng/µm3
for the 5 mg MTA disks and 132.63 ng/µm3 for the 10 mg MTA disks) and the extent
with which the bacteria were unable to attach and/or thrive on the surface of the
augmented MTA disks.

A limitation inherent to the density calculations for the

distribution of copper iodide within the MTA was the method by which the nanoparticles
were introduced. While vortexing the suspended nanoparticles in the sterile water used
to initiate the curing of the MTA was believed to facilitate their distribution, it was not
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possible to confirm that the distribution within the MTA matrix was uniform. Thus,
until such time as we determine the surface concentration of the copper iodide via
atomic adsorption spectroscopy via scanning electron microscopy, the mean density
concentration of the copper iodide within the MTA can only be considered
approximate.

Thus, the variability observed when measuring biofilm development

using the lower concentration of the copper iodide augmented MTA disks was not
unexpected. As we refine our approach in maximizing a uniform distribution of the
nanoparticles within the MTA matrix we expect the variability observed to the
inhibition of biofilm development observed to decrease.
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CONCLUSIONS
Given the limitations of an in vitro model, the present study demonstrated that
there was significantly less E. faecalis biofilm associated with the disks of MTA
augmented with copper iodide nanoparticles when compared to control MTA disks.
This novel material could lead to improved long-term success of endodontic treatments
where MTA is used as a root-end filling or as a repair material. Future investigations
should assess long-term antimicrobial properties of copper iodide nanoparticles in a
tooth model, determine biocompatibility of the material with human cells and tissues,
and improve distribution of the nanoparticles within the MTA for maximum
antibacterial efficacy.
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